Autologous and gene-modified bone marrow stromal cells (MSCs) have shown a bright future in clinical applications. However, does a gene-modified MSC still maintain its stem cell-like properties? To answer this question, human IGF-1 was introduced into rat MSCs using a recombinant retroviral vector and the effects of the gene manipulation on the cells' behaviors were investigated. The MSCs transfected with hIGF-1 could secrete 6.7-fold higher IGF-1 than the native cells. These MSCs had an elevated baseline activity of ERK signaling, an enhanced proliferation, increased accumulative numbers of cell doublings, and a reduced apoptosis; they showed upregulated expressions of OCT-4, CYP51, and SM22α, and a downregulated expression of nestin. This indicates that the overexpressed IGF-1 enhances the MSCs' self-renewal, endodermal and mesodermal differentiation, but weakens their neuronal potential. Although a puromycin selection after hIGF-1 gene transfection could produce a purer transfected MSC population with stronger ability to express functional hIGF-1, it induced premature senescence of the selected cells by activating oncogene Ras, leading to a shortened replicative life span and a weakened multipotency.
INTRODUCTION
, such as the epithelial cells of the lung and gastrointestinal tract, hepatocytes (33) , and neurons (20, 23) . In addition to their multipotency and plasticity, Accumulating data have showed that adult stem cells isolated from various tissues or organs can differentiate MSCs are relatively easier to be modified genetically toward the development of gene-based therapies for var-into the cells of other organs, either in vitro or in vivo (3, 21, 28) . This presents an attractive therapeutic tool-ious diseases. A number of studies have successfully used the viral vectors to modify MSCs to express vari-the autologous cell transplantation or tissue engineering-to treat the diseased or injured organs that have ous transgenetic products (1) , such as BMP-2 (19) , IL-7 (14) , HGF (38), VIP (17) , EGFR (27) , BDNF (7, 13) , limited ability to repair or to functionally restore after damage (11, 28) . Among these adult stem cells, the bone and VEGF (30) . Although the MSC, as a most promising autologous marrow stromal cell (or mesenchymal stem cell, MSC) is considered a most promising candidate due to its easi-cell source, shows a bright future in clinical applications, such as tissue engineering and cell-based gene ness of obtaining by a simple bone marrow aspiration and expanding by a routine culture. therapy, little information is available regarding the effect of a gene manipulation on the cell's own property. MSCs are nonhematopoietic multipotent stem-like cells that exist in bone marrow in the whole life span of Does a gene-modified MSC still maintain its stem celllike characteristics? To answer this question, the present mammalians (15). These cells can naturally differentiate into multiple mesenchymal cell types such as osteocytes, study induced the human insulin-like growth factor-1 (hIGF-1) gene into the rat MSCs, and systematically ex-chondrocytes, adipocytes, tendocytes, and myoblasts (8, 32) . Moreover, under appropriate experimental condi-amined the expression of the transgenetic product and the effects of the gene manipulation on the cells' biol-tions or microenvironments they exhibit a remarkable phenotypic plasticity, with the ability to differentiate ogy, including the ability of self-renewal, and the trends of differentiation, senescence, and apoptosis. into cells with endodermal or ectodermal characteristics 1068 HU ET AL. 
Materials
Dulbecco's modified Eagle's medium (DMEM) (12100-046; Gibco, Grand Island, NY, USA) and fetal calf serum (FCS) (16000-036; Gibco) were commercially obtained. Monoclonal antibodies against PCNA (sc-25280), ERK1 (sc-94), ERK2 (sc-154), and phospho-ERK1/2 (sc-7383) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and FITCconjugated antibodies against CD44 (IM1219), CD45 (IM0728), CD34 (IM1870), and CD71 (IM0483), from Beckman Coulter Immunotech (Marseille, France). The plasmid containing hIGF-1 cDNA sequence (pBluescript-ks/ hIGF-1) was kindly provided by Dr. Richard Brown (University of Queensland, Australia). ELISA Cell Death Detection kit (11774425001), hIGF-1 ELISA kit (A0143), and Ras activation assay kit were obtained from Roche Diagnostics Corporation (Mannheim, Germany), R&D Corporation (Alaska, USA), and Upstate Biotechnology (CA, USA), respectively. Trizol reagent (1227164) and lipofectamine2000 (11668-027) were obtained from Invitrogen (Carlsbad, CA, USA). MSCs were isolated from the femurs and tibias of (A) Restriction endonuclease analysis. Lane 1: DNA marker; SD rats (140-160 g) with a modified method originally lanes 2-11: products of enzymic cutting by EcoRI and SalI described by Dobson et al. (4) . To collect the cells more from 10 isolated clones. (B) Gene chart. efficiently, the bones were mounted in microfuge tubes after their two ends were opened, and centrifuged at 2000 rpm for 2 min. The marrow pellet was washed in
Isolation, Culture, and Verification of MSCs

MATERIALS AND METHODS
Hanks' balanced salt solution (HBSS), centrifuged at The animal use protocol in the present investigation 1000 rpm for 10 min, and then resuspended in DMEM. was approved by the Institutional Animal Care and Use Cells were cultured at 37°C in humid air with 5% CO 2 Committee of Wuhan University.
in DMEM containing 10% FCS, penicillin (100 U/ml), streptomycin (100 mg/ml), and L-glutamine (2 mM). The medium was changed to remove the nonadherent cells at 24 h after seeding, and every 3 days thereafter. For subculture, cells were resuspended with 0.25% trypsin and 1 mM EDTA, and passaged at a ratio of one to three plates. Because the MSCs grow in colonies and cannot reach confluence over the whole dish, the criterion for passaging was that a half of the colonies reached 80% confluence (16) . To verify the MSCs, a flow cytometric analysis of cell surface antigens was carried out by using fluorescent monoclonal antibodies against CD34 (a cell surface marker of hematopoietic lineage cells), CD45 (a marker for leukocytes), CD44 and CD71 (both are the hallmarks of the mesenchymal stem cells). In the present study the MSCs of passage 2 were used.
Rat MSCs of passage 2 were infected with either pBabe-puro/ hIGF-1 (hIGF-1) or pBabe-puro (void vector) at a ratio of su- digestion, amplified by RT-PCR using specific primer pairs listed in Table 1 , and inserted into a retroviral vec-listed in Table 1 . The PCR products were electrophoresed on a 1.5% agarose gel and the resultant fragments tor (pBabe-puro) at EcoRI and SalI sites to construct the hIGF-1-expressing replication-deficient retroviral vector were detected under UV light after ethidium bromide staining. (pBabe-puro/hIGF-1). The hIGF-1 insert in the recombinant vector was confirmed by agarose gel electrophore-To quantify the protein products of the transgenetic hIGF-1, the MSCs treated as above were cultured for 3, sis after EcoRI/SalI digestion and by sequencing (Shanghai Bioasia Biotechnology Company, China). 6, or 9 days. The supernatant of the cultures was collected and hIGF-1 was detected with ELISA according
Development of hIGF-1 Expression Retroviral Vectors
Production of Recombinant hIGF-1 Expression
to the protocol provided by the manufacturer.
Retroviral Vectors
PA317 retroviral vector packaging cells were trans-Observation on Behaviors of MSCs fected with pBabe-puro/hIGF-1 according to the manu-After Gene Modification facturer's protocol (Lipofectamine2000 Transfection Kit) and cultured in puromycin selective medium until Proliferation. To examine the proliferation of the puromycin-resistant clones appeared. Individual positive MSCs after the gene modification MTT assay, flow cyclones were selected and expanded. For each isolated tometry for PCNA and Western blot for ERK1/2 phosclone, the viral titer was determined by infection of phorylation were performed. The MSCs treated as above NIH3T3 fibroblasts. In the present study, the clones with were cultured for 2, 3, 4, 5, 6, or 7 days. At each time supernatant viral titer higher than 2 × 10 7 CFU/ml were point, the cells were incubated in 0.5% methyl thiazolyl used.
tetrazolium at 37°C for 4 h and dissolved in 150 µl DMSO. The absorbance of deoxidized MTT was mea-Transfection of hIGF-1 Retroviral Expression Plasmid sured at 570 nm using a microplate reader (GExios Into MSCs VA200, TECAN, Austria) against a background control. MSCs of passage 2 were seeded at 2 × 10 5 /well into For flow cytometry, the MSCs at day 3 of culture were a six-well culture plate and cultured for 24 h. Then the collected and fixed with 70% ethanol at 4°C. After lacultures were infected with the viral supernatant of eibeling with anti-PCNA and a FITC-conjugated second ther pBabe-puro/hIGF-1 or pBabe-puro at a ratio of suantibody, triplicate samples with 1 × 10 6 cells for each pernatant to medium 1:1. After 24 h, the virus-containtreatment were analyzed by flow cytometry under an exing medium was replaced by normal medium and the citation light of 488 nm. The assay above was repeated infected cells were cultured for another 24 h before harin four culture plates. For Western analysis, total provest.
teins (15 µg/lane) extracted from the cells at day 3 of culture were separated by SDS-PAGE and immunoblot-
Detection of Transgenetic hIGF-1 Expression in MSCs
ted on PVDF membrane with antibodies against ERK1, ERK2, or phospho-ERK1/2. The blot was scanned and To detect whether the transfected hIGF-1 gene can be expressed by the MSCs, the pBabe-puro/hIGF-1 in-the integrated intensity of all pixels in each band was analyzed with Scion Image software (Scion Corporation, fected (hIGF-1 group), pBabe-puro infected (void vector group), and control cells (parallel culture) were seeded Frederick, MD, USA). The relative phosphorylation levels of each protein were expressed as means of phospho-into 90-mm dishes (10 5 cells per dish). After 7 days of culture, total RNA was extracted with Trizol reagent and protein/total protein × 100%. The experiments were performed in twice with three separate cultures. RT-PCR was performed routinely with the same primers 
Effect of Puromycin Selection on MSC
Values are mean ± SD (n = 4). *p < 0.05, compared with parallel cultured MSCs.
In some cases (especially in tissue engineering in †p < 0.05, compared with void vector transfected MSCs. vitro), a purer transfected MSC population is needed. For this purpose, some cultures infected with the viral supernatant of pBabe-puro/hIGF-1 or pBabe-puro were se-Self-Renewal. To assess the MSCs' ability of selflected by the puromycin (0.5 µg/ml) selective medium for renewal, a successive subculturing experiment was per-15 days. The behaviors of these cells were investigated formed as described previously (16) . Briefly, the pasby using the same methods mentioned above with the sage following the transfection was defined P0. The passage after selection defined P0. To compare activities cells were successively passaged until the number of cell of the oncogene Ras between the puromycin selected doublings (NCD) closed to zero. The NCD in each pasand unselected MSCs, a pull-down assay was performed sage was calculated with the formula: NCD = log 10 (Y/ according to the protocols provided by the manufacturer. X)/log 10 2, where X represents the average cell numbers from triplicate samples for each treatment at seeding and Statistical Analysis Y, at the end of the passage. The assay was repeated in Data were statistically analyzed by SPSS 11.0 softfour culture plates.
ware (SPSS Inc., IL, USA) with a Student-Newman-Differentiation. The natural differentiation of the Keuls (SNK) multiple comparison test after a one-way gene-modified MSCs into adipocytes and osteocytes ANOVA test. A difference was considered statistically was examined histochemically by Sudan III and ALP significant when p < 0.05. calcium-cobalt staining after 5 days of culture. To estimate the phenotypic plasticity of the cells, the expres-RESULTS sions of marker genes for multipotency and three embry-Verification of MSCs onic germ layers were detected by real-time quantitative Flow cytometry analysis (Fig. 1 ) of cell surface anti-RT-PCR, including a multipotent marker OCT-4, an engens in the MSCs of passage 2 showed that most of the dodermal mark lanosterol-14α-demethylase (CYP51), a cells were positive for CD44 (96%) and CD71 (78%), mesodermal marker SM22α, and an ectodermal mark while CD45-and CD34-positive cells were only 4.6% nestin. Briefly, total RNA was extracted with Trizol reand 1.3%, respectively. This profile of cell surface agent and cDNAs were synthesized according to the marker expressions was generally consistent with that of manufacturer's protocol. With the specific primer pairs MSCs reported in the literature (6) . listed in Table 1 , real-time quantitative RT-PCR was performed using the multichannel RotorGene 3000
Identification of Recombinant Retroviral Vectors (Corbett Research. Australia) with an initial denature at Agarose gel electrophoresis of double-enzyme-digested 94°C for 5 min, followed by 35 cycles with each in 94°C recombinant retroviral vectors (pBabe-puro/hIGF-1) for 30 s, 57°C for 30 s, and 72°C for 30 s in a 25-µl from 10 selected clones showed that two objective bands reaction mix containing 1× SybrGreen I. A simultaneous for each vector appeared around 392 bp and 5151 bp amplification of GAPDH gene was used as an internal ( Fig. 2) . This was consistent with the design (Fig. 2B) .
MSCs could release hIGF-1 into the supernatant at a level of 14.32 ± 1.55 ng/ml in day 3 of culture, which The sequence analysis demonstrated that the nucleotide acid sequence from 78 to 465 of the insert was identical was 6.7-fold higher than that detected in the parallel cultured native cells. Although the increased expression of to the reported hIGF-1 sequence from 89 to 474 (Gen Bank; M29644.1).
hIGF-1 gradually decreased with culture time, it was still at least twofold higher than that in native cells by
Expressions of Transgenetic hIGF-1 in MSCs
the end of the experiment (day 9). RT-PCR showed that the hIGF-1 mRNA was ex-
Behaviors of MSCs After IGF-I Gene Transfection pressed at a considerably higher level in the hIGF-1 transected MSCs than in the void vector transfected and
Proliferation and Self-Renewal. MTT assay and flow cytometry analysis showed that the hIGF-1 transfected parallel cultured cells (Fig. 3) , indicating that by using the retroviral-mediated delivery system, the hIGF-1 gene MSC cultures had an obviously enhanced proliferation at each time point (Fig. 4A) and an increased PCNA-was successfully introduced into the MSCs. ELISA assay ( Table 2) showed that the hIGF-1 transfected positive cell number at day 3 (Fig. 4B ) in comparison to both void vector transfected and parallel cultured cells. the hIGF-1 transfected MSCs had an enhanced spontaneous differentiation into osteogenic and adipogenic lin-Western analysis revealed that these cells had a significantly elevated level of phosphorylated ERK1/2 (Fig.  eages (Fig. 5 ). Real-time quantitative RT-PCR revealed that the hIGF-1 transfected MSCs had a slightly upregu-4C). The successive subculturing experiment revealed that the hIGF-1 transfected MSCs had a significantly lated expression of OCT-4 and CYP51, and a strongly increased expression of SM22α, but the expression of increased accumulative NCD (17.25) in comparison to those of the void vector transfected (15.06) and parallel nestin was decreased in comparison to both void vector transfected and parallel cultured cells (Fig. 6A) . cultured (15.37) cells ( Table 3) .
Natural Differentiation and Phenotypic Plasticity.
Senescence and Apoptosis. As shown in Figure 7A , the senescent (SA-gal positive) MSCs showed a blight-Sudan III and ALP calcium-cobalt staining showed that (Table 4 ) with an increased senescence ( Fig. 7B ) in comparison to the corresponding parallel cultured con-cells in the void vector transfected MSCs were not significantly changed in comparison with the parallel native trol cells. The expressions of OCT-4 and the marker genes for all embryonic germ layers were also sharply culture, but those in the hIGF-1 transfected MSCs were significantly decreased. ELISA analysis showed that in decreased (Fig. 6B) . The apoptosis in the void vector transfected MSCs was slightly increased after the selec-comparison with the corresponding native parallel cultures, the apoptosis in the void vector transfected MSCs tion, but that in the hIGF-1 transfected cells was significantly decreased (Fig. 8B) . It is noteworthy that the re-was not significantly changed, but that in the hIGF-1 transfected MSCs was significantly decreased (Fig. 8) .
duced proliferation, accumulative NCD and marker gene expressions, and the increased senescence were also ob-Behaviors of IGF-1 Transfected MSC served in the void vector transfected MSCs after the se-After Puromycin Selection lection, indicating that the unexpected cellular senescence may be, at least partly, due to a side effect of As shown in Table 2 , after selection with 0.5 µg/ml puromycin, a further increased supernatant hIGF-1 level puromycin. To confirm this hypothesis, we carried out an extra pull-down assay to compare activities of the (22.76 ± 4.20 ng/ml in day 3 of culture) was detected in the hIGF-1 transfected cells, which were 10.7-fold oncogene Ras between the puromycin selected and unselected MSCs. As shown in Figure 10A , in unselected higher than that detected in the corresponding control cells. This indicates that a purer transfected MSC popu-cultures, no significant changes in activities of Ras (GTP-Ras/Total Ras) were observed in both void vector lation with stronger ability to produce functional IGF-1 could be obtained by the puromycin selection. However, and IGF-1 transfected cells comparing to the parallel culture; but in the puromycin-selected cultures, the Ras in contrast to the unselected MSCs, the puromycin-selected cultures had obviously decreased proliferation (Fig. 9A) , activities in both void vector and IGF-I transfected MSCs were significantly increased with a higher level PCNA-positive cell population (Fig. 9B) , and ERK1/2 activity (Fig. 9C) , and a reduced accumulative NCD found in the void vector transfected cells ( Fig. 10B ). 
DISCUSSION
IGF-1, as an important mediator of the growth hormone-IGF-1 axis, functions to regulate the growth and development of the whole body. In addition to this clas-In the present study, by using a retroviral-mediated delivery system, the hIGF-1 gene was successfully intro-sical endocrine function, the importance of the autocrine and paracrine of IGF-1 in regulation of local tissue re-duced into rat MSCs. The gene-modified MSCs could release functional hIGF-1 into the supernatant at a level generation and remodeling after injury is recently emphasized by numerous studies (9, 10, 31) . For example, of 6.7-or 10.7-fold (after puromycin selection) higher than those detected in the parallel cultured native cells locally increased expression or administration of IGF-1 is reported to enhance the repair of injured bone (5, 36) , on day 3 of culture. Although the increased expression of hIGF-1 gradually decreased with culture time, it was cartilage (29) , heart (26) , and brain (22) by promoting cell proliferation and inhibiting apoptosis. Thus, estab-still at least twofold higher than that in the native cells by the end of the experiment (day 9). lishment of a MSC population able to overexpress IGF- marker gene expressions induced by the overexpressed IGF-1 in the absence of some more specific inducers for neurogenesis. An unexpected finding in the present study is that, 1 may provide a promising multipotent cell source for tissue engineering and a cell therapy for various injuries.
although a purer transfected MSC population with stronger ability to produce functional IGF-1 could be Recently, Koch et al. engineered human MSCs to transiently overexpress IGF-1 via adenoviral transfec-obtained by the puromycin selection after the IGF-1 transfection, the cell's ability of self-renewal was obvi-tion (12) . In their study, the IGF-1 transfected MSCs showed upregulated markers of osteoblastic differentia-ously weakened. These MSCs expressed much lower levels of multipotent and all germ layer maker genes in tion and an enhanced matrix mineralization. However, there is no up-to-date information about the autocrine/ comparison to the parallel cultured native cells. The reason for the disbenefit effects is unknown, but the present paracrine effects of the overexpressed transgene IGF-1 on cells' stem cell-like characteristics. The present study study showed that the puromycin selection after the transfection led to a significantly increased Ras activity showed that when transfected with IGF-1, the genemodified MSCs had an enhanced ability of self-renewal, and senescence in both IGF-1 and void vector transfected MSCs, indicating that puromycin may cause prema-characterized by augmented proliferation, increased accumulative NCD, and reduced apoptosis. The reinforced ture senescence of the survived MSCs by activating oncogene Ras. Usually, a premature senescent cell is growth of the MSCs was related with the increased baseline activity of ERK signaling and upregulated expres-irreversibly growth arrested and has a decreased metabolism activity. sion of PCNA after IGF-1 transfection. This is in line with the observations in which the cells were stimulated
In summery, the present study showed that by using a retroviral-mediated delivery system, the hIGF-1 gene with exogenous IGF-1 (2, 25) .
To estimate the differentiation and phenotypic plas-can be successfully introduced into MSCs. The overexpressed transgene IGF-1 enhances the MSC's self-ticity of the MSCs after IGF-1 transfection, the expressions of marker genes for multipotency and three embry-renewal and endodermal and mesodermal differentiation, but weakens their neuronal potential. Although a onic germ layers were analyzed. As demonstrated by real-time quantitative RT-PCR, the IGF-1 transfected puromycin selection after hIGF-1 transfection can produce a purer transfected MSC population with stronger MSCs had a slightly upregulated marker gene expression of OCT-4 and CYP51, and a much stronger expres-ability to express functional hIGF-1, it induces premature senescence of the selected cells by activating onco-sion of SM22α in comparison to both void vector transfected and parallel cultured cells. This indicates that the gene Ras, leading to a shortened replicative life span and a weakened multipotency. overexpressed IGF-1, through its autocrine/paracrine function in vitro, enhances the MSCs' ability to differen- the results from the Sudan III and ALP calcium-cobalt 
